Chromium-doped silicon clusters, CrSi n − (n = 3-12), were investigated with anion photoelectron spectroscopy and density functional theory calculations. The combination of experimental measurement and theoretical calculations reveals that the onset of endohedral structure in CrSi n − clusters occurs at n = 10 and the magnetic properties of the CrSi n − clusters are correlated to their geometric structures. The most stable isomers of CrSi n − from n = 3 to 9 have exohedral structures with magnetic moments of 3-5μ B while those of CrSi 10 − , CrSi 11 − , and CrSi 12 − have endohedral structures and magnetic moments of 1μ B.
I. INTRODUCTION
Introducing of transition metal atoms into silicon clusters may stabilize their cage structures, therefore, allows them to be used as building blocks for novel nanomaterials. 1 On account of their potential applications in nanomaterials and semiconductors, transition metal-doped silicon clusters have been studied extensively by experiments [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and theoretical calculations in the last decades. Chromium, silicon, and their alloys are very important materials in the manufacture of thin film resistors and microelectronic devices. [51] [52] [53] [54] It has been suggested that chromium silicide is a potentially important contact material in future nanosystems because chromium silicide nanostructures can reduce the energy barrier between the metal and semiconductor layers. 55 Chromium-doped silicon clusters have been studied by many researchers. Beck conducted the first mass spectrometry study of MSi n + (M = Cr, Mo and W) clusters and found that CrSi n + with n = 15 and 16 have the most intense peaks in the mass spectra. 2, 3 Han et al. 38, 56 investigated the structures of CrSi n (n = 1-6, n = 15) clusters by theoretical calculations. Lau et al. 15 studied MSi 16 + (M = Ti, V and Cr) clusters using x-ray absorption spectroscopy and revealed that Cr atoms can impose a geometric rearrangement in silicon clusters and the highly symmetric silicon cage can affect the electronic structure of Cr atom. Khanna et al. 23 conducted theoretical calculations on CrSi n (n = 11-14) clusters and showed that CrSi 12 has a D 6h endohedral structure. Although it has been shown that CrSi n is able to form endohedral structure at large cluster size, it is still in question regarding the onset size of endohedral structures. The theoretical calculations of Han and Hagelberg 38 found an O h symmetry endohedral structure for neutral CrSi 6 . While Kawamura et al. 57 suggest that the Cr atom is not fully surrounded by Si atoms at n = 8-11 and the cage is not completely formed until n = 12. On the other hand, Bowen and co-workers 6 measured photoa) Author to whom correspondence should be addressed. Electronic mail: zhengwj@iccas.ac.cn. Tel: +86 10 62635054. Fax: +86 10 62563167.
electron spectra of CrSi n − (n = 8-12) with 355 nm photons. They speculated that the onset of endohedral structure may occur at n = 8 but it is subject to further experimental and theoretical confirmation.
In order to explore the structural evolution of CrSi n clusters, here we investigated CrSi n − (n = 3-12) clusters using anion photoelectron spectroscopy and density functional theory calculations. Our study shows that the onset of endohedral structure for CrSi n − clusters actually occurs at n = 10. In addition, we found that the change of magnetic moments of CrSi n − clusters is related to their structural evolution.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental
The experiments were conducted on a home-built apparatus consisting of a linear time-of-flight mass spectrometer (TOF-MS) and a magnetic-bottle photoelectron spectrometer, which has been described in details previously. 16 Briefly, the CrSi n − clusters were produced in a laser vaporization source by ablating a rotating translating disk target (13 mm diameter, Cr/Si mole ratio 1:4) with the second harmonic (532 nm) light pulses of a Nd:YAG laser (Continuum Surelite II-10). Helium carrier gas with ∼4 atm backing pressure was injected into the source by a pulsed valve to cool the formed clusters. The cluster anions were mass-analyzed by the time-of-flight mass spectrometer. The cluster anions of interest were massselected and decelerated before entering the photodetachment region. The photodetachment of the CrSi n − (n = 3-12) clusters were conducted with the fourth harmonic light of a second Nd:YAG laser (Continuum Surelite II-10, 266 nm, 0.1-0.2 mJ/pulse). The photoelectrons were energy-analyzed by the magnetic-bottle photoelectron spectrometer. The electron binding energies were obtained by the energy-conserving relationship, EBE = hν-EKE, where hν is the photon energy used for photodetachment, EKE is the measured electron kinetic energy, and EBE is the electron binding energy. In this work, the photoelectron spectra were calibrated by the known spectra of Cu − and I − . The energy resolution of the photoelectron spectrometer was ∼40 meV at the electron kinetic energy of 1 eV.
B. Theoretical
The geometry optimization and frequency calculations of CrSi n − clusters were carried out employing the B3LYP functional theory 58, 59 implemented in the Gaussian 09 program package. 60 The 6-311+g(d) basis set was used for both Cr and Si atoms. All the geometry optimizations were performed without any symmetry constraint. Many spin-multiplicities were considered during the calculations as a Cr atom has six unpaired electrons (3d 5 4s 1 ). Harmonic vibrational frequencies were calculated to make sure that the structures correspond to real local minima. The calculated total energies were corrected by the zero-point vibrational energies. The vertical detachment energies (VDEs) were calculated as the energy differences between the anion and neutral clusters at the same structures as those of the anions. The adiabatic detachment energies (ADEs) were obtained as the energy differences between the cluster anions and the optimized neutral clusters using the anion structures as initial structures.
III. EXPERIMENTAL RESULTS
The photoelectron spectra of CrSi n − (n = 3-12) clusters recorded with 266 nm photons are presented in Figure 1 . The vertical detachment energies (VDEs) and the adiabatic detachment energies (ADEs) of CrSi n − (n = 3-12) clusters estimated from their photoelectron spectra are listed in Table I . The ADE from each spectrum was determined by drawing a straight line along the leading edge of the first peak to cross the baseline of the spectrum and adding the instrumental resolution to the EBE value at the crossing point. The VDEs were estimated from the maxima of the first peaks. The experimental VDEs of CrSi n − (n = 8-12) have been measured by Bowen and co-workers previously. 6 As seen in Table I , the VDEs of CrSi [8] [9] [10] [11] [12] − measured in this work are in good agreement with their previous measurements.
As shown in Figure 1 , the photoelectron spectrum of CrSi 3 − reveals five peaks centered at 2.01, 2.45, 2.78, 3.31, and 3.82 eV, respectively. In the spectrum of CrSi 4 − , there are two major peaks centered at 2.45 and 2.91 eV and a broad unresolved feature in the range of 3.50-4.20 eV. For CrSi 5 − , two major features are observed. The first one is in the range of 2.5-3.7 eV, and the second one in the range of 3.7-4.3 eV. The first feature is consisting of three peaks centered at 2.73, 2.99, and 3.26 eV and a shoulder at 3.50 eV. The second feature shows two barely discernible peaks centered at 3.9 and 4.2 eV. The spectrum of CrSi 6 − shows a strong broad feature centered at 3.53 eV. Some very weak low-binding energy features are also discernible at 2.0, 2.6, and 3.0 eV. These weak low EBE features are probably due to the existence of lowlying isomers in the experiment.
The spectrum of CrSi 7 − has four features centered at 2.56, 3.17, 3.64, and 3.98 eV, respectively. CrSi 8 − has three peaks centered at 2.72, 3.35, and 3.56, and a broad feature above 3.8 eV. Similar to CrSi 8 − , CrSi 9 − has three peaks centered at 2.90, 3.43, and 3.67 eV, and a broad feature above 3.8 eV. The spectral shapes of CrSi 8 − and CrSi 9 − are quite similar although the VDE of CrSi 9 − shifts slightly toward higher electron binding energy compared to that of CrSi 8 − . There is a significant change in the spectra of CrSi n − at n = 10. The spectra of CrSi 10 − , CrSi 11 − , and CrSi 12 − are similar to each other but quite different from those of smaller CrSi n − clusters. The spectrum of CrSi 10 − has a weak low binding feature centered at 2.88 eV and a strong high binding feature over 3.9 eV. That of CrSi 11 − has a weak low binding feature centered at 2.97 eV and a strong high binding feature over 3.8 eV. CrSi 12 − has a weak low binding feature cen- 
IV. THEORETICAL RESULTS
The structures of the low-lying isomers of CrSi n − (n = 3-12) clusters from density functional theory calculations are displayed in Figure 2 with the most stable ones on the left. Their relative energies, theoretical VDEs and ADEs are listed in Table II along with the experimental VDEs and ADEs for comparison. The cartesian coordinates of the stable isomers of CrSi n − (n = 3-12) clusters are available in the supplementary material. 61 We have also simulated the photoelectron spectra of different isomers based on theoretically generalized Koopman theorem (GKT) 62, 63 and compared the simulated spectra with the experimental results in Figure 3 . For convenient, we call the simulated spectra as density of states (DOS) spectra. 63 In the simulated DOS spectra, the peak of each transition corresponds to the removal of an electron from a specific molecular orbital of the cluster anion. During the simulation, the relative energies of the orbitals ( E n ) were calculated by the equation: E n = E (HOMO-n) -E HOMO , where E (HOMO-n) is the energy of the (HOMO-n) orbital from theoretical calculations, E HOMO is the energy of the HOMO, and E n is the relative energies of the (HOMO-n) orbital compared to the HOMO. Then, the first peak associated with the HOMO was set at the position of VDE, and the peaks associated with the deeper orbitals were shifted to higher binding energies according to the values of -E n . The peak associated with each orbital was fitted with a unit-area Gaussian function of 0.2 eV full width at half maximum.
A. CrSi 3
−
As shown in Figure 2 , our calculations found three lowlying isomers for CrSi 3 − . Isomer 3A can be described as the Cr atom substituting one of the Si atoms in the Si 4 rhombus. Isomer 3B has the Cr atom attaching to a corner of the Si 3 triangle. Isomer 3C is a tetrahedral structure. The calculated VDEs of isomer 3A, 3B, and 3C are 2.33, 2.05, and 1.96 eV, respectively. They can be considered as in reasonable agreement with the experimental VDE (2.01 eV) at this level of theory. The theoretical VDEs of isomers 3B and 3C are closer to the experimental value than that of isomer 3A. However, isomers 3B and 3C are 0.57 eV and 0.81 eV higher in energy than isomer 3A, much less stable than isomer 3A. It is unlikely for isomers 3B and 3C to exist in the experiment. In Figure 3 , we can see that the simulated DOS spectrum of isomer 3A is more similar to the experimental spectrum than those of isomers 3B and 3C. Therefore, the experimental spectrum of CrSi 3 − is more likely contributed by isomer 3A. In addition, the structure of isomer 3A is consistent with the neutral CrSi 3 structure calculated by Han and Hagelberg.
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B. CrSi 4
−
Our calculations show that the most stable structure of CrSi 4 − cluster (4A) is a C 2v trigonal bipyramidal structure. In the structure of isomer 4B, the chromium atom connects to the vertex of the Si 4 rhombus out of plane. The structure of isomer 4C is a quasi-plane trapezium with the Cr atom slightly off the plane. Isomer 4D can be seen as the Cr atom and three silicon atoms form a distorted rhombus and have the fourth silicon atom staying above them. The structure of isomer 4E is a C 3v symmetry trigonal bipyramidal structure. Isomers 4B, 4C, 4D, and 4E are higher in energy than isomer 4A by 0.08, 0.14, 0.15, and 0.34 eV. The calculated VDEs of isomer 4A, 4B, 4C, 4D, and 4E are 2.16, 2.14, 2.25, 2.25, and 2.69 eV, respectively, all in reasonable agreement with the experimental measurement (2.45 eV). Although the VDEs of isomer 4C
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Binding Energy (eV) and 4D are closer to the experimental value than isomer 4A, the simulated DOS spectrum of isomer 4A agrees with the experimental spectrum better. Therefore, we suggest isomer 4A to be the most probable one observed in the experiment.
C. CrSi 5
−
For CrSi 5
− , isomers 5A and 5C are formed by substituting one of the Si atoms in the Si 6 compact structure with a Cr atom. The original Si 6 structure is changed slightly due to the Cr substitution. It seems the Cr atom prefers to substitute a low-coordination site since isomer 5C is less stable than isomer 5A by 0.49 eV. Isomer 5B is a C 4v tetragonal bypiramid. It is higher than isomer 5A by 0.18 eV in energy. Isomer 5D has C 3v symmetry and can be viewed as the Cr atom attaching to the vertex of a Si 5 trigonal bipyramid. Isomer 5D is higher in energy than isomer 5A by 0.51 eV. The theoretical VDE (2.72 eV) of isomer 5A is very close to the experimental VDE (2.73 eV). The simulated DOS spectrum of isomer 5A is also consistent with the experimental spectrum. We suggest isomer 5A to be the most probable structure for CrSi 5 − .
D. CrSi 6
−
The most stable isomer of CrSi 6 − (6A) is a C 5v symmetry pentagonal bipyramidal structure with the Cr atom occupying a vertex site. Isomers 6B and 6C are formed by adding the Cr atom to different sites of the Si 6 compact structure composed of three tetrahedrons. Isomer 6D has a C 3v symmetry structure with the Cr atom sitting right above a bowl formed by six silicon atoms. In isomer 6E, the Cr atom attaches to a vertex of the Si 6 tetragonal bipyramid. Isomers 6B, 6C, 6D, and 6E are higher in energy than isomer 6A by 0.46, 0.56, 0.60, and 0.63 eV, respectively. The calculated VDE of isomer 6A is ∼3.19 eV. The VDEs of isomers 6B, 6C, 6D, and 6E are calculated to be 2.00, 2.15, 2.95, and 2.83 eV. The structures of CrSi 6 − found by our calculations are different from the O h symmetry endohedral structure of neutral CrSi 6 reported by Han and Hagelberg. 38 Based on the simulated DOS spectra in Figure  3 , the 3.53 eV major peak in the experimental photoelectron spectrum of CrSi 6 − is more likely contributed by isomer 6A. The weak features at 2.0, 2.6, and 3.0 eV in the experimental spectrum of CrSi 6 − probably are contributed by isomer 6B as its simulated DOS spectrum has peaks at the positions of these weak features.
The weak low EBE features observed in the experimental photoelectron spectrum of CrSi 6 − are similar to the low EBE features in the spectrum of TbSi 6 − measured by Ohara et al., 64 the spectrum of HoSi 6 − , GdSi 6 − , and PrSi 6 − measured by Grubisic et al., 13 and that of ScSi 6 − measured by Xu et al. 17 Xu et al. suggested that those weak low EBE features are due to the existence of the less stable isomers. Our results on CrSi 6 − cluster are in agreement with their work.
E. CrSi 7
−
The first two isomers (7A and 7B) of CrSi 7 − are nearly degenerate in energy, with isomer 7B higher than isomer 7A by only 0.03 eV. Both isomers 7A and 7B can be considered as evolved from isomer 6A by attaching a silicon atom to the pentagonal bipyramid. They have similar geometric structures but different spin multiplicities. Isomer 7A is at 6 A state whereas isomer 7B belongs to 4 A state. The structure of isomer 7C can be viewed as the Cr atom substitutes one of the silicon atoms in the Si 8 compact structure. Isomer 7D has C 5v symmetry with the Cr atom attaching to a vertex of the Si 7 pentagonal bipyramid. In isomer 7E, the Cr atom and the seven silicon atoms form a distorted tetragonal prism. Isomers 7C, 7D, and 7E are higher in energy than isomer 7A by 0.10, 0.16, and 0.18 eV, respectively. The theoretical VDEs of isomer 7A, 7B, 7C, 7D, and 7E are 2.78, 2.67, 2.40, 2.63, and 2.61 eV, respectively. The simulated DOS spectrum of isomer 7A is similar to the experimental spectrum. Hence, isomer 7A might be the most probable one detected in the experiment. Isomers 7B and 7C may also exist in the experiment since their total energies are very close to that of isomer 7A and their VDEs are close to experimental value as well.
F. CrSi 8
−
Similar to CrSi 7
− , the first two isomers of CrSi 8 − are also degenerate in energy. Isomer 8B is higher than isomer 8A by only 0.02 eV. In isomer 8A, the Cr atom capes one face of the distorted tetragonal prism formed by Si 8 . While in isomer 8B, the Cr atom attaches to one edge of the distorted tetragonal prism. The structure of isomer 8C can be described as a Cr atom interacts with the two ends of the Si 8 boat structure. Isomer 8D has C 2v symmetry with the Cr atom interacting with a Si 8 basin structure, which is similar to the bowl shape of Si 8 Cr structure reported by Kawamura et al. 57 In isomer 8E, the Cr atom is surrounded by two tilting distorted Si 4 rhombuses. Isomer 8C, 8D, and 8E are higher in energy than isomer 8A by 0.13, 0.29, and 0.30 eV, respectively. The theoretical VDEs of 8A, 8B, 8C, 8D, and 8E are 2.78, 3.04, 2.72, 3.17, and 3.02 eV, respectively. The VDEs of isomers 8A and 8C are very close to the experimental VDE (2.72 eV), while that of isomer 8B is slightly higher than the experimental VDE. Since isomers 8A, 8B, and 8C are very close in energy, it might be possible that they are all stable enough to exist in our experiments. The simulated DOS spectra of isomers 8A and 8C show most of the features in the experimental spectrum. Therefore, we suggest that isomers 8A and 8C both contribute to the observed spectrum of CrSi 8 − . The simulated DOS spectrum of isomer 8B is very different from the experimental spectrum, but its existence cannot be ruled out. It may contribute to some of the higher EBE features in the experimental spectrum.
G. CrSi 9
−
The most stable structure of CrSi 9 − , isomer 9A, is in 6 A state. It can be considered as a distorted Si 4 rhombus and a Si 5 five-membered ring stacking together then having the Cr atom sitting right above the Si 5 five-membered ring. Isomer 9B has a C 3v structure with the Cr atom surrounded by a chair-style Si 6 ring and then adding a Si 3 to the bottom. Isomer 9C is derived from isomer 8D by adding a Si atom to the edge of the Si 8 basin. Isomer 9D is combined by a Si 5 tetragonal pyramid and a CrSi 4 tetragonal pyramid. Isomer 9E is combined by a Si 4 trigonal pyramid and a distorted CrSi 5 pentagonal pyramid. Isomers 9B, 9C, 9D, and 9E are higher in energy than isomer 9A by 0.17, 0.24, 0.38, and 0.40 eV, respectively. The calculated VDEs of isomer 9A, 9B, 9C, 9D, and 9E are 2.76, 3.05, 3.09, 3.11, and 2.85 eV, respectively, all close to the experimental VDE of 2.90 eV. According to the simulated DOS spectra in Figure 3 , isomers 9A and 9B may coexist in the experiment.
H. CrSi 10
−
The most stable structure of CrSi 10 − (isomer 10A) is an endohedral structure with the Cr atom encapsulated in a Si 10 silicon cage. The Si 10 silicon cage is formed by a triangle on the top, three five-membered rings in the middle, and three distorted rhombuses at the bottom. Isomer 10B has an exohedral structure. Isomers 10C, 10D, and 10E all have endohedral structures. It is worth mentioning that, in isomer 10E, the Cr atom is sandwiched by two Si 5 rings. Isomer 10B, 10C, 10D, and 10E are 0.20, 0.28, 0.33, and 0.33 eV higher in energy than isomer 10A. The calculated VDEs of isomer 10A, 10B, 10C, 10D, and 10E are 3.23, 2.92, 3.51, 2.67, and 3.27 eV, respectively. The VDEs of isomers 10A and 10B are in reasonable agreement with the experimental value (2.88 eV). Although the VDE of isomer 10B is closer to the experimental value than that of isomer 10A, its simulated DOS spectrum is less similar to the experimental spectrum of CrSi 10 − than that of isomer 10A. Hence, we suggest isomer 10A to be the most probable structure for CrSi 10 − cluster.
I. CrSi 11
−
The most stable structure of CrSi 11 − , isomer 11A, has 2 A state endohedral structure with the Cr atom sitting in the center of a basket-shaped silicon cage formed by eleven Si atoms. It can be considered as derived from isomer 8D by adding three silicon atoms as the basket handle. Isomer 11B has the Cr atom sandwiched by two Si 5 rings and has an additional Si atom connecting to the Cr atom and one edge of the upper Si 5 ring. The upper Si 5 ring is relative loose with very large Si-Si distances. Isomer 11C can be seen as two distorted tetragonal prisms stacking together with the Cr atom in the middle. In isomer 11D, the Cr atom is sandwiched by a Si 5 ring and a distorted Si 6 ring. Isomer 11E is evolved from isomer 7A by adding a Si 4 tetrahedron on the top. Isomers 11B, 11C, 11D, and 11E are higher in energy than isomer 11A by 0.18, 0.26, 0.46, and 0.59 eV, respectively. The calculated VDEs of 11A-11E are 3.17, 3.38, 3.13, 3.31, and 3.47 eV, respectively. The VDEs of isomer 11A and 11C are close to our observed data of CrSi 11 − cluster (2.97 eV), they may contribute to the experimental photoelectron spectra. The simulated DOS spectrum of isomer 11A agrees well with the experimental spectrum. That indicates that isomer 11A probably is the major species in our experiment. The structure of isomer 11A for CrSi 11 − cluster is in agreement with the theoretical calculations of neutral CrSi 11 by Khanna et al.
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J. CrSi 12
−
Our calculations show that the most stable structure of CrSi 12 − , isomer 12A, is in 2 A state and D 3d symmetry with the Cr atom being encapsulated in a Si 12 hexagonal prism cage. Isomer 12B is in 4 A state. The structure of isomer 12B is similar to that of isomer 12A with a little distortion in the Si 12 hexagonal prism cage, which lowers its symmetry to C 1 . Isomers 12C and 12D have exohedral structures with the Cr atom capping the top or attaching to the edge of the distorted silicon cage. Isomer 12B, 12C, and 12D are higher in energy than isomer 12A by 1.08, 1.70, and 2.42 eV, respectively, much less stable than isomer 12A. This implies that isomers 12B, 12C and 12D probably do not exist in our experiment. The calculated VDE of isomer 12A is about 3.25 eV, in good agreement with the experimental value of 3.19 eV. The theoretical calculations of Khanna et al. 23 show that neutral CrSi 12 cluster has D 6h geometry with the Cr atom sandwiched by two Si 6 regular hexagons. Isomer 12A of CrSi 12 − from our calculations are basically in agreement with that reported by Kkanna et al., although the structure of CrSi 12 − cluster found in this work is slightly distorted to D 3d structure. The difference is probably due to the additional of the excess electron or the different theoretical methods used in our calculations.
V. DISCUSSION
From Figure 2 , we can see that the most stable isomers of CrSi n − (n = 3-9) are all exohedral structures while those of CrSi 10 − , CrSi 11 − , and CrSi 12 − are endohedral structures. This is in agreement with the change in the experimental photoelectron spectra observed in Figure 1 . It is also consistent with the argon physisorption experiments of CrSi n + cations conducted by Janssens et al. who found the argon physisorption on CrSi n + drops at n = 10. 14 The onset of endohedral structure at n = 10 for CrSi n − clusters is different from the case of CuSi n − , in which the endohedral structures show up at n = 12. 19 It is worth mentioning that the structures of CrSi 10 − , CrSi 11 − , and CrSi 12 − from our calculations are basically similar to those found by Kawamura et al. 57 Although Kawamura et al. defined the structures of CrSi [8] [9] [10] [11] clusters as incomplete encapsulation and that of CrSi 12 as complete encapsulation, our experimental results imply that CrSi 10 − , CrSi 11 − , and CrSi 12 − belong to the same category according to the similarities in their photoelectron spectra. Interestingly, it seems the change of magnetic properties of the CrSi n − clusters is correlated to their geometric structures. As we can see in Table II , the most stable isomers of CrSi n − from n = 3 to 9 have larger magnetic moments than the most stable isomers of CrSi 10 − , CrSi 11 − , and CrSi 12 − . The most stable isomers of CrSi n − clusters with n = 3, 5, 7-9 have magnetic moments of 5μ B and those of CrSi 4 − and CrSi 6 − have magnetic moments of 3μ B ; while the magnetic moments of CrSi 10 − , CrSi 11 − , and CrSi 12 − are only 1μ B. That indicates that the magnetic moment of Cr atom is quenched due to the encapsulation of Cr atom by silicon cage. Figure 4 shows the Mulliken atomic charges on Cr atom for CrSi n − (n = 3-12) clusters. It can be seen that the charges on the Cr atom are negative or near zero for CrSi n − clusters with n = 3-9 and the positive charge on Cr atom increases significantly when n increases from 9 to 10. The charges on Cr atom are approximately +0.68 e, +0.46 e, and +0.83 e for CrSi 10 − , CrSi 11 − , and CrSi 12 − clusters. The Mulliken atomic charges analysis indicates that the negative charge of CrSi n − clusters mainly localizes at the cluster surface. The Cr atom in CrSi 10 − , CrSi 11 − , and CrSi 12 − is positive charged since it donates electron to the silicon atoms and it is encapsulated in the silicon cage. The charge distribution on Cr atom is also related to the evolution of the geometric structures of CrSi n − clusters.
Here, we compare the structures of CrSi n − clusters with those of ScSi n − (n = 2-6) and VSi n − (n = 3-6) clusters.
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The most stable structures of ScSi 6 − , VSi 6 − , and CrSi 6 − are very similar, but there are some differences in the structures of MSi [3] [4] [5] − (M = Sc, V and Cr − is a C 4v tetragonal bipyramid similar to isomer 5B of CrSi 5 − . In the CrSi n − (n = 3-6) clusters, the Si-Si bond lengths are in the range of 2.30-2.61 Å, slightly shorter than the Cr-Si bond lengths (2.54-2.63 Å). Similarly, the Si-Si bond lengths (2.21-2.56 Å) in ScSi n − clusters are also shorter than the Sc-Si bond lengths (2.52-2.73 Å). 17 But it is not the case in VSi n − clusters, in which the Si-Si bond lengths (2.38-2.59 Å) are rather longer than the V-Si bond lengths (2.26-2.55 Å) in general. 16 It seems that the Cr-Si interactions are slightly stronger than the Sc-Si interactions but weaker than the V-Si interactions. On the other hand, the Si-Si interactions in CrSi n − clusters are slightly weaker than those in ScSi n − but stronger than those in VSi n − . Based on these, it can be suggested that strong M-Si interactions may weaken the Si-Si interactions in silicon clusters.
VI. CONCLUSIONS
We investigated CrSi n − (n = 3-12) clusters with anion photoelectron spectroscopy and density functional theory calculations. The combination of experimental measurements and theoretical calculations shows that the emerging of endohedral structure for CrSi n − clusters starts at n = 10. The most stable structure of CrSi 10 − is an endohedral structure with the Cr atom encapsulated in a Si 10 silicon cage composed of a triangle, three five-membered rings, and three rhombuses. That of CrSi 11 − is an endohedral structure with the Cr atom sitting at the center of a basket-shaped silicon cage formed by eleven Si atoms. CrSi 12 − has a D 3d structure with the Cr atom encapsulated in a Si 12 hexagonal prism cage. The magnetic properties of the CrSi n − clusters are correlated to their geometric structures. The most stable isomers of CrSi n − for n = 3-9 have exohedral structures and their magnetic moments are in the range of 3-5μ B , while those of CrSi 10 − , CrSi 11 − , and CrSi 12 − have endohedral structures and magnetic moments of 1μ B. The change of the charges on Cr atom is correlated to the evolution of the geometric structures of CrSi n − (n = 3-12) clusters. 
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